In this paper we propose the following expression for surface tension of organic compounds:
Introduction
One of the most striking demonstrations of the intermolecular forces is the tension at the surface of a liquid. At the molecular level, one may consider the boundary layer at the liquid-vapor interface to be a third phase with properties intermediate between those of a liquid and its vapor.
From a qualitative point of view, a plausible explanation of this phenomenon would be that at the interface there are unequal forces acting upon the molecules. At low densities the molecules experience a sidewise attraction and toward the bulk liquid, however, they experience less attraction toward the bulk vapor phase. Therefore, there is always a tendency for the surface layer to minimize its area according to the total mass, constraints posed by the container, and external forces.
The surface tension (), generally employed as a quantitative index of this tension, is defined as the force exerted in the plane of the surface per unit length (e.g. dynes/cm). Numerous methods have been proposed to estimate the surface tension of pure liquids and liquid mixtures. An extensive revision of these methods is given by Hirschfelder, et al. (1964) . One of the simplest is the empirical formula proposed by Macleod (1923) . It expresses the surface tension of a liquid in equilibrium with its own vapor as a function of the liquid-and vapor-phase densities as:
(1) where K is a constant which is independent of temperature but is characteristic of the liquid under consideration. Sugden (1924) modified this expression as follows:
(2) where P = K 1/4 , Sugden called this temperature-independent parameter (P) the parachor, and indicated a way to estimate it from molecular structure. Quayle (1953) used experimental surface tension and density data for numerous compounds to calculate the parachors of hydrocarbons. He was able to suggest an additive procedure to correlate P with structural contribution.
The right-hand side of Equation 2 implies that surface tension is very sensitive to the value of the parachor and liquid density. It has been shown that the parachor is a weak function of temperature for a variety of fluids and within wide ranges of temperature (Macleod, 1923; Sugden, 1924; Quayle, 1953) , and thus it is generally assumed to be a constant. Equation 2 has been shown to be good for surface tension prediction, so long as experimental data for the parachor and equilibrium densities are employed. Thus, it may be considered as an equation of state for the interface (Boudh-Hir and Mansoori, 1990 ).
The good performance and extreme simplicity of its analytical form have made Equation 2 a very popular method for surface tension calculation (Weinaug and Katz, 1943; Lee and Chien, 1984; Hugill and van Welsenes, 1986; Gasem et al., 1989; Fanchi, 1985 Fanchi, , 1990 Ali, 1994) .
Nevertheless, there are various shortcomings on the use of this equation: (i) The parachor P is actually a temperature-dependent parameter whose functional form with temperature was not known, (ii) the empirical nature of the parachor poses difficulty in deriving a more accurate expression for it, and (iii) the absolute average percent deviation (AAD%) in surface tension prediction increases with increasing complexity of the molecular structure of the fluid under consideration. These observations are important both from the fundamental and practical point of view. Knowledge of the statistical-mechanical basis of Equation 1 may allow modifications to this expression for the purpose of improving its accuracy and/or extending its use to the calculation of interfacial tension.
Development
Macleod's empirical expression for surface tension calculation, as mentioned above, has proven to work very well for many substances and over a wide range of temperature. Nonetheless, deviations with respect to temperature are generally observed. Thus, efforts have been made to derive the functionality of surface tension with respect to temperature (van der Waals, 1894; Lovett, et al., 1973; Guggenheim, 1945) . The surface tension of Argon, nitrogen, and xenon has been measured over a very large range of temperature (Croxton, 1974) . Cahn and Hilliard (1958) arrived at a power law expression for the temperature dependence of surface tension in the critical region.
It should be pointed out, however, that a simple power law is not guaranteed to hold right for all temperatures down to the triple point. In fact, its applicability is confined to hold valid for the critical region (Levelt Sengers and Sengers, 1981) and for molecules of high symmetry (Croxton, 1974) . Based on the principle of corresponding states, Brock and Bird (1955) developed an expression for nonpolar liquids utilizing the power law concept applicable to temperatures away from the critical point. The accuracy of their expression is similar to that of Equation 1. Hakim et al.(1971) modified Brock and Bird's expression to include polar liquids. However, the general reliability of their expression is not known since the values of the constants appearing in the equation are known only for a few substances. Sivaraman et al. (1984) developed a correlation for surface tension prediction of organic compounds within 0.45 < T r < 0.97. This correlation, however, is very sensitive to the values of the acentric factor, critical temperature, and critical pressure. Somayajulu (1988) has proposed a three-parameter generalized equation for surface tension from the triple point to the critical point. Although this empirical expression is very accurate, it involves three different compound-specific parameters which are known only for the compounds analyzed. Lopez-Perez et al. (1992) used the gradient theory to predict the surface tensions of nonpolar, qadrupolar, polar, and nonpolar. Their predictions are good, however, the absolute average percent deviations observed are rather large for all the compounds that they investigated.
In spite of the various efforts made to describe the functionality of surface tension with respect to temperature, there is still a need for an analytic expression which would be applicable over a larger range of temperature and valid for a variety of compounds.
From the statistical-mechanical basis of Macleod's formula it is feasible to modify this expression in order to increase its accuracy as well as the temperature range of its applicability.
There have been a number of efforts made to justify the success of Macleod's formula from theoretical basis (Fowler, 1937; Green, 1969; Henderson, 1980) . These start from the classical thermodynamic expression which relates the surface tension and the surface internal energy (i.e. u s = S{ -T( /∂T)]. However, the use of certain simplifying statistical-mechanical approximations (Green, 1969; Henderson, 1980) in these approaches leads to results different from the Macleod's equation. Thus, the temperature-dependence of surface tension is not easily observed.
Starting with the statistical-mechanical definition of the surface tension, Boudh-Hir and Mansoori (1990) have shown that this property, as a first approximation, is given by the Macleod formula. As a result, the law in power four of the difference in densities is obtained. However, they have shown that the constant, K, which depends on the nature of the fluid under consideration is not entirely independent of temperature. The only simplification to be made is to consider the particles to interact via a generalized additive pairwise potential. This interaction, however, is considered to depend on the position and orientations of the molecules (i.e. the particles are not spherical and the potential is not necessarily a radial function).
The statistical-mechanical expression for surface tension derived by Boudh-Hir and Mansoori (1990) is,
where,
In these equations, k is the Boltzmann constant; T is the temperature of the system under consideration; =(1-T r ); g is an exponent; z = 2mkT/h 2 1 /2 e /kT is the activity; the subscript c denotes the value of the activity at the critical temperature (i.e. z c = 2mkT c / h 2 1 /2 e  / k Tc ); µ is the chemical potential; h is the Plank's constant;  c (i; ) =  c(i) ;  c is the critical density; ∆c(i) =
[c(i)-c c (i)] (i.e. the value of the one-particle direct correlation function at the temperature of interest minus the value of the one-particle direct correlation at the critical temperature). (i; ) is given by the expression:
c(i,j; ) is the two-particle direct correlation function;
is a pairwise potential;
is the mean force potential;  is an order parameter which depends on  (i.e.  = 0 corresponds to the system at its critical temperature, while  = 1 is associated with the system at the temperature of interest); g c is the value of the exponent g at the critical temperature. Complete details on the derivation of Equation 3 are given elsewhere (Boud-Hir and Mansoori, 1990) . Comparing Equations 2 and 3 it can be shown that,
where P o is a temperature-independent compound-specific constant; g, an adjustable parameter; and µ r is the reduced chemical potential.
Considering the fact that for most organic substances we know little about the one-and twoparticle direct correlation functions as well as the intermolecular potential it is almost impossible to calculate . Cosidering the success of the theory of parachors (Sugden, 1924) in correlating surface tension data, it can be safely assumed that  is a very weak function of densities. However, its temperature dependence is not known. As a result we write the expression for P in the following form,
and
by combining Equation 2 and 5 the following expression for the surface tension is obtained,
where  l and  v are the equilibrium molar densities of liquid and vapor phases, respectively. The temperature-dependent property,  r , may be assumed to have the following simple form:
where ao, a1, and n may be regarded as universal constants.
The temperature correction term in Equation 6 thus derived should be valid for all temperatures and for all compounds.
In order to evaluate the constants in Equations 6 and 7 reliable experimental data over a wide range of temperature are needed. Recently, Grigoryev, et al.(1992) have reported experimental surface tension data for n-Pentane, n-Hexane, n-Heptane, and n-Octane which cover the entire temperature range from the triple point to the critical point. Thus, these data were considered to be appropriate. After analysis of these data it was concluded that the most complete sets of data were those of n-Hexane and n-Heptane for they cover the entire temperature range more completely. From Equation 6 it is noticed that data for the equilibrium densities are also needed for the analysis to be completed. Considering the fact that for most substances experimental data for equilibrium densities may not be readily available, we decided to use an accurate equation of state for the purpose of evaluating the constants a 0 , a 1 , and n appearing in Equation 7. This is important since in this way we eliminate the need for experimental equilibrium density data.
Calculation of Equilibrium Densities
Recently, Riazi and Mansoori (1993) proposed a simple equation of state (R-M EOS) that accurately predicts fluid densities. This equation is a modification of that originally proposed by Redlich and Kwong, (1949) such that,
These authors consider the fact that for liquid systems, in which the free space between the molecules decreases, the role of parameter b becomes more important than that of parameter a. For this reason, "a" is considered to be constant and given by: a=0.42748RTc/Pc. Parameter b, however, was modified using the molecular theories of perturbations and refractive index such that b=(0.08664 RTc/Pc)•(R * ,Tr); R is the universal gas constant; Tc and Pc are the critical temperature and pressure respectively;  is a temperature-dependent parameter given by: 
NAis the Avogadro's number;  is the polarizability; µ is the dipole moment;  is the molar density;
and n is the sodium-D light refractive index of a liquid at 20°C and 1 atm. In this derivation, it is considered the fact that the molar refraction is, as a first approximation, independent of temperature.
Furthermore, R * is even less sensitive to temperature.
This equation was selected for density calculation and compared its predictions against the available experimental data (Hall, 1986) for the compounds of interest. These results are reported in Table 1 along with the properties of 94 organic compounds. From this table it can seen that density predictions using this equation of state are good for most compounds except for those whose molecular structure are highly assymetric and/or are polar.
The necessary vapor pressures are calculated using a recently proposed (Edalat and Mansoori, 1993) generalized vapor pressure equation for various fluids. This new expression is as follows,
In this = 1-T r P s is the saturation pressure, and  is the acentric factor. In Table 1 shows the absolute average percent deviation (AAD%) in the calculation of the saturation pressure at the normal boiling for all 94 compounds. It is observed that the saturation pressure at the normal boiling point is represented
within an overall AAD% of 1.76.
Results and Discussion
Equilibrium densities for n-Hexane and n-Heptane were calculated by predicting first the saturation pressure from Equation 9 and then using Equation 8 to predict the vapor-and liquidphase densities. These were used along with the experimental surface tension data of Grigoryev, et al., (1992) to evaluate the universal constants appearing in Equation 7. The values for the constants thus obtained are: a 0 = 0.30066, a 1 = 0.86442, and n = 10. By introducing Equation 7 into Equation 6 using the constants just found the following new expression for the surface tension of a fluid was obtained,
In this expression P o is a temperature-independent constant characteristic of the fluid under consideration similar to the Sugden's parachor.
Experimental surface tension data (Jasper, 1972; Hall, 1986; Beaton and Hewitt, 1989) for 94 compounds and equilibrium densities calculated as previously explained were used to evaluate the constant P o for these substances. The results obtained are reported in Table 1 along with the surface tension predictions using this new parameter P o . The temperature range used in the analysis is also reported. For comparison purposes, Table 1 also shows the surface tension predictions obtained by using the experimental parachor (Quayle, 1953) In order to show the predicting capabilities of equation 10, the results obtained for 12 different compounds are plotted in Figures 1-3 . Figure 1 shows the results obtained for methane, Ethane, propane and n-butane over a wide range of temperature. These are compared against the experimental surface tension data (Jasper, 1972; Hall, 1986; Beaton and Hewitt, 1989) and against the predictions obtained using the experimental parachor and Equation 2 (equilibrium densities were calculated as explained above). From this figure it can be seen that predictions by Equation 10 are quite good. Figure 2 present sthe results obtained for n-Pentane, n-Hexane, n-Heptane, and n-Octane over temperatures ranging from the triple point to near the critical point. These results are compared with the experimental data of Grigoryev, et al., (1992) and with the predictions obtained using the experimental parachor in Equation 2 (equilibrium densities were calculated as explained above). Notice from this figure that the experimental data for all four compounds are represented quite well by Equation 10 except in the region close to the critical point. This is because the R-M EOS, as all other equations of state, does not perform well around the critical region. Figure 3 depicts the results for Toluene, Cyclopentane, Ethylbenzene, and Carbon Tetrachloride over a wide temperature range. The experimental data for these compounds were obtained from Jasper (1972) , Hall (1986) and Beaton and Hewitt (1989) . It can also be noticed from this figure that the experimental data is well represented by Equation 10. Judging from Figures 1-3 we may say that overall performance of our method for surface tension prediction is goog. Knowing that parameter
P o provides such a good surface tension prediction for all the compounds and for all temperatures investigated, it is only logical to attempt to find a way to correlate this parameter using the corresponding states principle.
Following the principle of corresponding states (Hirschfelder, 1964) a reduced surface tension may be defined and expected to be a universal function of the reduced temperature, as follows,
From Equations 10 and 11 it can be shown that a reduced parameter Pr can be expressed as follows, Table 1 were plotted against the acentric factor in Figure 4 . From this figure one may notice a trend as a function of acentric factor. However, the scattering of the data is rather large. Therefore, we concluded that attempts to correlate our reduced parameter (Pr) to acentric factor would not be a feasible approach.
From the Lorentz-Lorenz function for molar refraction (R m ) defined earlier in this paper, one may notice that this quantity (R m ) depends on the polarizability of the molecule and the dipole moment. Furthermore, the molar refraction provides an approximate measure of the actual volume (without free space) of the molecules per unit mole (Hirschfelder, 1964) . Therefore it implicitly accounts for the asymmetry of the molecules. This fact gave the authors confidence that R m would be useful in finding a good correlation for Pr. It has also been found that substances with higher polarities have higher viscosities, normal boiling and freezing points. Therefore, R m and the normal-boiling-point temperature could be useful for the purposes at hand.
In Figure 2 
For comparison purposes this correlation was used to predict the surface tension for the compounds of interest using Equation 2 and calculating the densities as explained above. These results are also reported in Table 1 . From this table it may be noticed an overall absolute average deviation of 16.75% for all temperatures investigated for this correlation. Table 2 contains the comparisons made between the experimental surface tension data and the values predicted by the present method and by other methods (Macleod, 1923; Brock and Bird, 1955; Sivaraman, 1984 (*) The experimental parachor for these substances was not available (+) Experimental densities for these compounds are not readily available (**) These values could not be calculated since there are no experimental parachor data available. Experimental densities were taken from Hall, 1986 ; experimental surface tensions from Jasper (1972) , Hall (1986) , Grigiryev et al. (1992) , Beaton and Hewitt (1989) ; the physical properties Tc, Pc, , and Tb from Reid et al. (1988) . R * = R m/ R m,ref , R m data were taken from Hall (1986) or calculated using the Lorentz-Lorenz function, R m,ref = 6.987 for the reference fluid (methane). Experimental parachor data were taken from Quayle (1953) . (*) These values were calculated using the method outlined by Sivaram et al. using the acentric factor, critical pressure and temperature reported in this paper. (**) These values were calculated using the Sivaram et al.'s method but using the values for the acentric factor, critical pressure and temperature reported in their paper. These data were found to be slightly different from the ones reported here.
The experimental data for all compounds were taken from Jasper (1972) . Figure 1 . Surface Tension, s, as a function of temperature for low-boiling-point compounds. The filled circles indicate the experimental data (Jasper, 1972; Hall, 1986; Beaton and Hewitt, 1989) (Jasper, 1972; Hall, 1986; Beaton and Hewitt, 1989) . The solid line represent the values calculated with Equations 10, whereas the broken line represents the values calculated using the experimental parachor along with Equations 2. which in our case is methane with a value of 6.987. T br is the reduced normal-boiling-point.
